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The increase of the atmospheric CO 2 concentration has led to several environmental issues, notably 44 an increase in global temperatures commonly referred to as global warming [1] [2] [3] . In this context, 45 carbon capture and storage (CCS) and carbon capture and utilization (CCU) technologies must play 46 a key role for its mitigation [4, 5] . 47
In general, CO 2 capture technologies can be classified according to three main approaches: (1) post-48 combustion, (2) pre-combustion, (3) oxy-fuel combustion [4, 5] . In the post-combustion approach, 49 fossil fuels are burned (as in conventional power plants) and then the CO 2 is captured from the flue 50 gas. In the pre-combustion approach, the fossil fuel is gasified and the produced syngas is treated in 51 a water-gas shift reactor to convert CO and water vapour into H 2 and CO 2 [6, 7] . The latter is 52 captured, while the hydrogen-rich syngas feeds a combined cycle plant for power generation. The 53 oxy-fuel approach utilizes pure or nearly pure oxygen for combustion, such that primarily CO 2 and 54 used to simulate the conditioning and purification processes of exhaust gas and the air separation 108 unit (ASU) process. 109 110
Plant configurations 111
As the main aim of this study is to make a techno-economic comparison between post-combustion, 112 full and partial oxy-combustion approaches, the study considers, for each plant configuration, the 113 same coal chemical power input of 1000 MW and the same USC power generation unit, equipped 114 with a conventional flue gas cleanup (FGC) section and a low temperature CO 2 removal section, 115 based on a chemical absorption process with an aqueous solution of MEA. To match CO 2 transport 116 and storage requirements, the CO 2 removal section is also integrated with a conditioning and 117 compression section to provide a high pressure (11 MPa) and high purity (CO 2 fraction of 99.7% by 118 volume) CO 2 flow. Moreover, each plant configuration is considered to be fed with a commercial 119 coal, whose main characteristics (lower heating value -LHV -proximate and ultimate analysis) are 120 reported in table 1 Table 1 . Reference coal properties (as received basis).
124
A conceptual scheme of each configuration is reported in figure 1 . 
Air-blown configuration and USC steam cycle 129
The reference air-blown plant configuration considered in this paper is a typical medium-size USC 130 power plant. 131 132
Steam cycle 133
According to the current state-of-the-art, the plant is based on a superheated and double reheat 134 steam cycle with ten regenerative steam extractions. The double reheat requires higher capital costs, 135 due to a higher complexity of the boiler and of the expansion train and to a more complex ducting 136 system. On the other hand, it allows for a substantial increase of plant efficiency (in the order of 1 137 percentage point) in comparison to single reheat [32] . Moreover, double reheat leads to a higher 138 steam quality at the outlet of the low-pressure turbine, thus increasing isentropic efficiency of the 139 last stages. The flue gas exiting from the boiler is sent to a conventional flue gas cleanup (FGC) section. A 161 high-dust FGC configuration has been assumed, including a selective catalytic reduction (SCR) 162 denitrification system for NO x removal, baghouse filters (BF) for particulate removal and a low 163 temperature flue gas desulphurization (FGD) system for SO x removal. 164 SCR section causes a flue gas pressure drop in the range of 5-10 kPa, leading to an electrical power 165 requirement for driving the fans of about 1% of the overall plant generation [34] . 166
Baghouse filters, are installed downstream of the air preheater at 120-180 °C and cause a flue gas 167 pressure drop of about 1-2 kPa, assuring a removal efficiency higher than 99% [35] . 168 FGD process operates at low temperature with a flue gas pressure drop in the range of 5-10 kPa, 169
requiring an electrical power of about 1% of the overall plant generation [36] . Globally, such a 170 section accounts for an overall electrical power consumption of about 9 MW, mainly due to fan 171 requirements for pressure drop of flue gas. Electrical power accounts for about 2% of the gross 172 plant power, penalizing the plant efficiency of about one percentage point. 173 174 2.1.3. CO 2 capture and compression 175
The study considers a conventional chemical absorption process operating at atmospheric pressure 176 with MEA; as a matter of facts, despite of its high energy requirements, it is currently one of the 177 most proven and widespread solvents [37, 38] . 178
Such a process allows a CO 2 removal efficiency of 90% [39, 40] , separating high-purity (92-93% by 179 volume) CO 2 , which is sent to the conditioning and compression section. 180
The performance analysis of the CO 2 removal process has been carried out under equilibrium 181 conditions, leading to an acceptable approximation [41, 42] . 182
The model assumes a MEA concentration of 30% (by weight) and a CO 2 /MEA molar ratio of 0.28. 183
The main assumptions and simulation results of the CO 2 removal process are reported in Table 4 . Main operating parameters and performance of the CO 2 removal section.
187
In order to obtain a removal efficiency of 90%, a solvent/gas mass ratio of about 4.5 and a reboiler 188 specific thermal energy of 3.75 GJ per ton of removed CO 2 have been calculated. The flue gas from 189 the CO 2 capture section is mainly composed by N 2 (about 78%, by volume), while the CO 2 190 concentration decreases from about 14% to about 1.5%. The CO 2 -rich gas from the absorption 191 section is compressed to the transport pressure (11 MPa). It has been assumed that the compression 
Full oxy-combustion plant configuration 211
The oxy-combustion plant configuration is based on the same steam cycle of the air-blown plant. 212
The main functional and constructive differences regard the boiler, the oxygen supplied by a 213 cryogenic ASU and the flue gas management and clean-up. As a matter of fact, oxy-combustion 214 leads to higher temperatures in comparison to air-blown boiler. Therefore, flue gas recirculation (in 215 this case about 70%, at a temperature of 310 °C) is carried out to control the flame temperature [44] 216
and to obtain a boiler heat transfer profile similar to the one in air-blown steam generators [26] . 217
Flue gas contains mainly CO 2 and water vapour and a small amount of un-reacted oxygen and inert 218 gases. Consequently, just a CO 2 purification unit is required to attain a high purity CO 2 stream, 219 avoiding the post-combustion CO 2 capture and its strong energy penalty. However, a remarkableenergy penalty is related to the ASU for oxygen production and to the CO 2 compression for 221 transport and storage. 222
A simplified scheme of the full-oxy configuration is reported in figure 3 . 223
224
Figure 3. Simplified scheme of the full-oxy configuration.
225
The main operating parameters of the full-oxy configuration are reported in Table 5 . Main operating parameters of the full-oxy configuration.
229
The power unit is equipped with a flue gas cleanup system similar to that used in the air-blown 230 USC configuration, including SCR, BF and FGD systems. The high concentration of CO 2 in flue 231 gas influences both DeSO x and DeNO x systems, but most of the studies assume that they can 232 operate with better performance than in conventional steam plants [44] . Clean gas is mainly 233 (3%), O 2 (2.5) and Ar (1.5%). The CO 2 could be easily separated by water condensation, but a CO 2 235 capture and purification unit (CPU) is still required to reduce the amount of oxygen and other 236 incondensable gases and match the CO 2 purity requirements for transportation and storage [45] . In 237 such a unit, the CO 2 -rich gas is firstly cooled and compressed up to about 2.5 MPa with the 238 condensation of a large amount of water. The CO 2 -rich gas is cooled to -40 °C with the 239 condensation of the largest portion of CO 2 and the separation of a considerable amount of 240 incondensable gases. Then, the high-purity CO 2 stream is heated and sent to the second section of 241 the compression train where the almost pure CO 2 gas is pressurized to transport and storage 242 conditions (about 11 MPa). Conversely, the separated incondensable gases (N 2 , O 2 , Ar and residual 243 CO 2 ) expand in a turbine to recover energy. 244
A larger CO 2 removal efficiency than that obtained with the post-combustion section has been 245 calculated (about 94%) with a CO 2 purity of 96.4%. CO 2 -rich gas is still composed by a smaller 246 amount of N 2 (1.3%), O 2 (1.4%) and Ar (0.8%). The whole power requirement of the intercooled 247 compression train is considerably higher than the one associated with the post-combustion section, 248 due to the freezing unit (even if the compressors needs less energy due to the lower temperature of 249 the treated stream). However, most of the CPU energy absorption is required for compression of 250 CO 2 , while a smaller amount is required for the separation of impurities. 251 252
Partial oxy-combustion configuration 253
The partial oxy-combustion configuration is a compromise between air-blown and full-oxy ones. 254
Conceptually, an enrichment in oxygen of the combustion air involves a reduction of flue gas 255 dilution by nitrogen. So, in the partial-oxy configuration, the boiler is fed with a mixture of 256 atmospheric air (with an O 2 molar fraction of 0.206) and oxygen-rich gas (with a purity of 95%) 257 produced by the ASU. Flue gas is characterized by a lower mass flow and by a higher CO 2 258 concentration in comparison with the air-blown configuration and it is treated by a similar (except 259 for the size) high-dust FGC system. The configuration of the post-combustion CO 2 capture unit isthe same considered in the air-blown case, but the higher CO 2 concentration involves better 261 performance and a lower equipment size. Finally, the same compression system of the air-blown 262 configuration has been considered for the partial-oxy approach. The air-blown plant configuration produces a flue gas mass flow slightly higher than 415 kg/s, 289 while it is reduced to about 120 kg/s with the full-oxy configuration. The decrease of the flue gas 290 mass flow is very pronounced at the lower values of the air enrichment: a 10% enrichment reduces 291 flue gas mass flow to about 315 kg/s, 24,1% less than in the air-blown case. 292
The increase of oxygen content in the oxidant requires a greater gas recirculation to the boiler in 293 order to control flame temperature. The mass flow of recirculated gas is calculated by imposing a 294 constant maximum temperature inside the combustion chamber and is shown in figure 6 . 
318
A more concentrated flue gas improves solvent regeneration, slightly reducing thermal energy 319 required in the reboiler, from a maximum value of about 3.75 GJ per ton of CO 2 removed (air-320 blown combustion) to a minimum value of about 3.50 GJ/t CO2 with a 90% enrichment. Despite a 321 modest reduction of the specific thermal energy required by the reboiler, partial oxy-combustion 322 enhances CO 2 removal process. In fact, the treatment of a flue gas with a more concentrated CO 2 323 greatly reduces the MEA degradation process [22] . 324 325 Table 6 summarizes the parametric performance assessment carried out through the simulation 327 models with reference to the plant configurations previously described. Full-oxy plant configuration shows a gross power output sensibly higher than the air-blown 338 configuration with CCS (478.2 MW vs. 400.4 MW), due to the absence of steam extraction for 339 solvent regeneration. However, the noteworthy power absorption of the ASU (more than 60 MW) 340 and the high power requirement of the CPU unit lead to a net power output of about 360 MW and a 341 net efficiency of 36.1%, very close to the air-blown case. On the other hand, such a configuration 342 leads to CO 2 specific emissions (about 55 g/kWh) lower than those of air-blown CO 2 -free one 343 (about 95 g/kWh), thanks to a higher CO 2 removal efficiency (about 94.0%). 344
Performance comparison 326
Partial oxy-combustion configurations present a gross power output comparable to that of the air-345 blown CO 2 -free one (in the range 400-405 MW), but the net power output is dramatically reduced 346 by the presence of the ASU. A net power output of about 340 MW has been calculated for a 10% 347 enrichment, while the net power output is reduced to about 315 MW for a 90% enrichment. The 348 lower power output associated to partial-oxy configurations leads to a slight increase (in the range 349 of 100-110 g/kWh) of CO 2 specific emissions in comparison to air-blown configuration. 350
For comparative purposes, an annual availability of 7,600 hours has been arbitrarily assumed in this 351 paper for all the considered configurations, despite oxy-fuel technology is still not commercially 352 mature and the introduction of post-combustion CCS system could reduce the plant availability, due 353 to the current poor experience in industrial-scale units. Table 6b . Overall performance of air-blown, full-oxy and partial-oxy plant configurations. 
Project's milestones and financial assumptions 369
The economic analysis is based on several key assumptions. First of all, the investment is 370 distributed in the four years of the construction phase (24%, 39%, 32% and 5%), starting from the 371 year 2017 [46] , and the whole operating life of the project is assumed 25 years (2021 to 2045). 372
The study is based on the realistic assumption that 80% of the investment for plant construction is 373 supported by the banks through the opening of a senior debt (with a financing fee of 2.5% and a 374 constant annual interest rate of 6.14% in 10 years), whereas the remaining 20% is directly provided 375 by the owner company. A value added tax (VAT) of 22% is assumed for both capital and operating 376 costs [47]. An amortization rate of 10% has been assumed for both the power generation and the 377 CCS systems, whereas a rate of 14% is considered for the material handling system [47] . The model 378 also considers a yearly extra investment during the operation of the plant [46] . 379
Finally, the calculation of the present values is based on an assumed annual discount rate of 8% 380 with an extra cost of 50 €/kW [50] to consider the second reheat; (ii) the cost of the full-oxy boiler 388 has been calculated from the air-blown one, with an extra cost of 7% [51] to consider the different 389 operating conditions; (iii) the costs of the boilers for partial-oxy configurations are calculated 390 through a linear variation between air-blown and full-oxy configurations, on the basis of oxygen 391 enrichment. Moreover, the full-oxy configuration considers a cryogenic CO 2 separation system, 392 whose cost (including CO 2 compression) has been calculated as 10.3% of the bare erected cost [26] . 393
Capital cost of all the considered plant configurations are summarized in Table 7b . Capital costs estimation (in k€).
399
It can be firstly observed that the introduction of the ASU involves a significant increase in BEC, in 400 spite of the small reduction of CO 2 capture section cost.
For comparative purposes, the same assumptions reported in [29] Table 9b . Summary of economic performance.
423
First of all, it is important to underline that LCOE for air-blown and full-oxy configurations are 424 lower than the corresponding values obtained by the authors in a previous work (63.4 and 62.8 425 €/MWh, respectively) [29] . The differences are due to the improvement of the steam cycle (a single 426 reheat has been considered in the previous work) and, for full-oxy configuration, also to the higher 427 annual availability of the plant (7,600 h/yr. vs. 7,000 h/yr. considered in the previous work). 428
The analysis of both cost of electricity (COE) and LCOE shows that, for new plants, full oxy-429 combustion is the more promising among the considered CO 2 -free power generation technologies, 430 allowing for a significant reduction of LCOE with respect to conventional air-blown plants with 431 post-combustion capture (55 €/MWh vs 60 €/MWh). On the other hand, partial oxy-combustion 432 could be competitive, in terms of COE, with respect to air-blown plants (mainly with an oxygen 433 enrichment higher than 40-50%), but it presents a higher COE than the full oxy-combustion 434 technology. Considering that the full oxy-combustion is still quite far from commercial application 435 (due to the relatively low experience on commercial-scale), partial oxy-combustion could be an 436 option for short-term applications. 437
The comparison between COE and LCOE shows that the increase of capital costs with air 438 enrichment has a higher impact than the decrease of operating costs. In facts, the former has a 439 significant impact in LCOE behaviour (being paid during the first years of the project, their present 440 values remain high), whereas operating costs (paid during the whole operating life) have a minor
